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INTRODuCTION
Liver abscesses are a major economic problem 
in the feedlot industry, and the prevalence is associ-
ated with the feeding of grain-based diets (Nagaraja 
and Lechtenberg, 2007). Fusobacterium necrophorum 
(FN) is the main pathogenic bacterium that causes liver 
abscesses and is also a normal inhabitant of the ru-
men (Tadepalli et al., 2009). When FN penetrates the 
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AbSTRACT: Previous in vitro data showed that Fuso-
bacterium necrophorum was inhibited by limonene. We 
further evaluated effects of limonene on growth of F. 
necrophorum in vitro as well as on ruminal concentra-
tions of F. necrophorum in vivo. With in vitro cultiva-
tion in anaerobic brain-heart infusion broth, limonene 
decreased growth of F. necrophorum. Thymol also 
reduced growth of F. necrophorum, but it was less effec-
tive than limonene. Tylosin effectively reduced growth 
of F. necrophorum in vitro. Although the response over 
fermentation times and concentrations of antimicrobi-
als differed somewhat between tylosin and limonene, 
the 2 antimicrobial agents yielded similar inhibitory 
effects on growth of F. necrophorum at concentrations 
ranging from 6 to 24 mg/L. The effects of limonene 
on ruminal F. necrophorum concentration in vivo were 
tested in 7 ruminally cannulated heifers (225 kg initial 
BW) used in a 7 × 4 Youden square design. Treatments 
included: 1) control, 2) limonene at 10 mg/kg diet DM, 
3) limonene at 20 mg/kg diet DM, 4) limonene at 40 
mg/kg diet DM, 5) limonene at 80 mg/kg diet DM, 6) 
CRINA-L (a blend of essential oil components) at 180 
mg/kg diet DM, and 7) tylosin at 12 mg/kg diet DM. 
Each period included 11 d with 10 d washouts between 
periods. Samples of ruminal contents were collected 
before treatment initiation and after 4, 7, and 10 d of 
treatment for measuring F. necrophorum by the most 
probable number method using selective culture medi-
um. Limonene linearly decreased (P = 0.03) ruminal F. 
necrophorum concentration, with the lowest concen-
tration achieved with 40 mg of limonene/kg dietary 
DM. Limonene tended (P ≤ 0.07) to linearly reduce 
ruminal molar proportions of propionate and valer-
ate while tending to linearly increase (P ≤ 0.10) those 
of butyrate and 2-methyl butyrate. Limonene did not 
affect ruminal NH3 concentrations or degradation rates 
of lysine. Neither CRINA-L (P = 0.52) nor tylosin (P = 
0.19) affected ruminal F. necrophorum concentrations. 
CRINA-L significantly decreased ruminal concentra-
tions of NH3 and molar proportions of 3-methyl butyr-
ate, whereas tylosin significantly decreased molar pro-
portions of propionate while increasing those of butyr-
ate and tending to increase those of acetate. Limonene 
supplementation reduced ruminal concentrations of F. 
necrophorum suggesting that it may have the potential 
to reduce the prevalence of liver abscesses, although 
further research is needed to assess the effect of limo-
nene in feedlot cattle.
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ruminal wall and gains access to the portal blood, it can 
reach the liver and cause abscesses (Jensen et al., 1954; 
Scanlan and Hathcock, 1983; Tadepalli et al., 2009).
Tylosin, a macrolide antibiotic, is used commonly in 
feedlots to reduce prevalence of liver abscesses (Naga-
raja et al., 1996). Although tylosin reduces liver abscess-
es, it raises public concern as an antibiotic belonging to 
a medically important class; therefore, alternatives that 
would satisfy the public view while meeting the needs 
of the beef industry would have value. Essential oils 
and their major components, such as thymol and euge-
nol, have been investigated as an alternative to antibiot-
ics (Dorman and Deans, 2000; McIntosh et al., 2003) 
because of their antimicrobial activity (Helander et al., 
1998; Calsamiglia et al., 2007). Limonene is an organic 
compound contained in lemons, oranges, and grapefruit 
(Castillejos et al., 2006) and has been shown to have ac-
tivity mainly against Gram-negative bacteria (Dorman 
and Deans, 2000). Elwakeel et al. (2013) studied the 
effects of a number of essential oil components on FN 
growth in vitro, and they observed that limonene at 20 
or 100 mg/L and thymol at 100 mg/L were effective in 
decreasing growth of the 2 subspecies of FN, ssp. nec-
rophorum (FNsN) and ssp. funduliforme (FNsF).
Our objective was to further evaluate the effects 
of limonene, thymol, and tylosin in vitro on growth of 
FN and the effects of limonene, tylosin, and CRINA-L 
(a blend of essential oil components) in vivo on ru-
minal concentrations of FN, fermentation, and lysine 
degradation.
MATERIALS AND METHODS
Experiment 1: Effects of Limonene  
and Thymol on In Vitro Growth of FN
This experiment evaluated concentrations of limo-
nene and thymol, included at 0, 1, 5, 10, 20, 40, 70, 
and 100 μg/mL of the culture medium on growth 
of FN. The concentrations of limonene and thymol 
were based on ruminal concentrations that might be 
achieved with a daily dose of 1 g of the compounds 
to cattle and on data of Elwakeel et al. (2013), which 
demonstrated that 20 μg/mL of limonene or 100 μg/
mL of thymol was effective in reducing growth of FN.
This experiment utilized 2 replicates conducted on 
different days. The first replicate used 5 strains of FN 
(1 strain of FNsN [A29] and 4 strains of FNsF [B33, 
B34, B35, and B36]). Seven cultures of FN strains were 
initially cultured, but 2 cultures did not grow enough to 
justify their use as inoculum. The second replicate used 
8 strains of FN (4 strains of FNsN [A29, A16, A18, and 
A13] and 4 strains of FNsF [B33, B34, B37, and B38]). 
For the second replicate, 12 strains were initially cul-
tured, and the 4 most rapidly growing cultures of FNsN 
and the 4 most rapidly growing cultures of FNsF were 
used as inoculum sources. The FNsN and FNsF strains 
were all of ruminal origin (Tan et al., 1994a).
Each strain was tested in duplicate tubes for each 
concentration of limonene and thymol. Strains were 
cultivated in Hungate tubes containing 10 mL of prer-
educed (with 0.05% cysteine-HCl) and anaerobically 
sterilized brain heart infusion broth (PRAS-BHI; Bec-
ton Dickinson, Sparks, MD). The compounds were 
dissolved in methanol, and 100 μL of solutions were 
pipetted into tubes just prior to inoculation to provide 
the appropriate concentrations. Control tubes received 
100 μL of methanol. Tubes were inoculated with 0.1 mL 
of 6-h cultures of FN strains prepared as described be-
low. Duplicate tubes were incubated for 48 h at 39°C. 
Growth was measured by recording absorbance at 600 
nm at 24 and 48 h; however, because absorbance did 
not increase between 24 and 48 h only the 24-h values 
were analyzed. An extra control tube was inoculated 
with each strain and was subsequently plated after 24 h 
to verify that cultures were pure.
Preparation of FN Cultures. The stored cultures 
were streaked on blood agar plates (Remel Inc., Lenexa, 
KS) and incubated for 48 h at 39°C in an anaerobic glove 
box (10% H2, 10% CO2, 80% N2; Forma Scientific Inc., 
Marietta, OH). The species and subspecies of strains 
were reconfirmed with a commercial identification kit 
(RapID ANA II System; Innovative Diagnostic Systems 
Inc., Atlanta, GA; Tan et al., 1994a). A single colony 
from each plate was inoculated into 10 mL of PRAS-BHI 
broth and incubated at 39°C for 16 h. Then, 100 μL of the 
culture was inoculated into 10 mL of PRAS-BHI broth 
and incubated at 39°C for approximately 6 h and used 
as inoculum. Absorbance of inoculum at 600 nm aver-
aged 0.70 for the first replicate and 0.76 for the second 
replicate. The inoculum generally contained 1 to 5 × 109 
cfu/mL. The purity of the inocula was verified by micro-
scopic examination of Gram-stained smears.
Data were analyzed by ANOVA using the Mixed 
Procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC) with 
a model including: FN subspecies (FNsN vs. FNsF), 
antimicrobial treatment (various concentrations of limo-
nene and thymol), and their interaction. Random effects 
included: replicate, strain nested within subspecies, and 
replicate × antimicrobial treatment × strain nested with-
in subspecies. This last random effect was included to 
treat the replicate tubes within each replicate fermenta-
tion as technical replicates rather than as experimental 
units. Effects of limonene and thymol concentrations 
as well as their interactions with FN subspecies were 
evaluated using contrasts for the linear, quadratic, and 
cubic effects of each compound; contrast coefficients 
were calculated for unequally spaced treatments using 
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the IML Procedure of SAS. A direct comparison of lim-
onene to thymol was also conducted with a contrast that 
compared the average of all concentrations of limonene 
to the average of all concentrations of thymol.
Experiment 2: Interactions between Limonene  
and Thymol on In Vitro Growth of FN
This experiment was conducted to determine if there 
were additive effects of limonene and thymol on the 
growth of FN in vitro. The trial was conducted concur-
rently with Exp. 1 using the same methods and also using 
some of the treatments and data from Exp. 1. Treatments 
were arranged as a 4 × 4 factorial and included 4 con-
centrations of limonene (0, 5, 10, and 20 mg/L) and 4 
concentrations of thymol (0, 5, 10, and 20 mg/L). Similar 
to Exp. 1, only the 24-h growth data were used.
Data were analyzed by ANOVA using the Mixed 
Procedure of SAS 9.3 with a model including: subspe-
cies (FNsN vs. FNsF), thymol concentration, limonene 
concentration, and all possible combinations of those 
3 factors. Random effects included: replicate, strain 
nested within subspecies, and the interaction of repli-
cate × thymol × limonene × strain nested within sub-
species. This last random effect was included to treat 
the duplicate tubes within each replicate as technical 
replicates rather than as experimental units. Effects of 
limonene and thymol concentrations, as well as their 
interactions with each other and with FN subspecies, 
were tested using linear, quadratic, and cubic contrasts 
for limonene and thymol concentrations; contrast co-
efficients were calculated for unequally spaced treat-
ments using the IML Procedure of SAS.
Experiment 3: Effects of Limonene  
and Tylosin on In Vitro Growth of FN
This experiment was conducted to determine the 
sensitivity of FN growth to limonene and tylosin in vi-
tro. Eleven treatments were evaluated, including a con-
trol with no additive, 5 concentrations of limonene (6, 
12, 24, 48, and 96 µg/mL), and 5 concentrations of ty-
losin (1.5, 3, 6, 12, and 24 µg/mL). The concentrations 
of limonene were based on data from Exp. 1, and those 
for tylosin were based on previously documented mini-
mum inhibitory concentration (MIC) of 10 to 25 µg/
mL (Tan et al., 1994a; Nagaraja et al., 1999a; Elwakeel 
et al., 2013). Treatments were evaluated for their ability 
to inhibit growth of 8 strains of FN (FNsN: A16, A21, 
A27, and A29; FNsF: B33, B34, B36, and B38).
Each of the 8 FN strains was tested in duplicate 
tubes for each of the 11 treatments (176 total tubes), us-
ing methodology described for Exp. 1, except growth 
(absorbance at 600 nm) was measured at 12 and 24 h.
Data were analyzed using the Mixed Procedure of 
SAS 9.3 with a model including: FN subspecies (FNsN 
vs. FNsF), antimicrobial treatment (various concentra-
tions of limonene and tylosin), the interaction between 
FN subspecies and antimicrobial treatment, time (12 vs. 
24 h, treated as a repeated measure), and the interactions 
of time with the other fixed effects. Random effects in-
cluded: strain nested within subspecies and the interac-
tion of antimicrobial treatment with strain nested within 
subspecies. The latter random effect was included to 
treat the duplicate tubes within each replicate fermenta-
tion as technical replicates rather than as experimental 
units. Effects of limonene and tylosin concentrations 
as well as their interactions with FN subspecies were 
evaluated using contrasts for the linear, quadratic, and 
cubic effects of each compound; contrast coefficients 
were calculated for unequally spaced treatments using 
the IML Procedure of SAS. Direct comparisons of lim-
onene to tylosin at concentrations of 6, 12, and 24 mg/L 
were made with pair-wise contrasts.
Experiment 4: Effect of Limonene, Tylosin, and 
CRINA-L on In Vivo Ruminal Concentrations of 
FN, Fermentation, and Lysine Degradation
Animals and Treatments. The Kansas State Uni-
versity Institutional Animal Care and Use Committee 
approved procedures involving animal use. Seven rumi-
nally cannulated Holstein heifers (210 ± 10 d of age, and 
approximately 225 kg initial BW) were used in a 7 × 4 
Youden square design (7 treatments, 7 heifers, 4 periods) 
to evaluate the effect of different levels of limonene on 
ruminal FN concentrations. Treatments were allocated 
so, in periods 2 through 4, each treatment followed 3 
different treatments. Diet composition is presented in 
Table 1. All heifers were fed 5 kg of diet (as-fed) dai-
ly, with equal amounts provided at 12-h intervals. One 
heifer received a diet with a higher concentration of al-
Table 1. Composition of diets fed to heifers in Exp. 4 
(% of DM)
Ingredient 6 heifers 1 heifer
Alfalfa hay 28.3 46.2
Molasses, cane 2.7 2.0
Dry rolled corn 59.4 44.5
Solvent soybean meal 8.2 6.1
Limestone, 38% Ca 1.4 1.0
Vitamins/Minerals 0.121 0.092
1Provided (per kg diet DM): 1,906 IU vitamin A, 190 IU vitamin D, 36 
IU vitamin E, 49 mg Mn, 49 mg Zn, 8 mg Cu, 0.11 mg Co, 0.52 mg I, and 
0.1 mg Se.
2Provided (per kg diet DM): 1,429 IU vitamin A, 142 IU vitamin D, 27 
IU vitamin E, 37 mg Mn, 37 mg Zn, 6 mg Cu, 0.08 mg Co, 0.39 mg I, and 
0.08 mg Se.
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falfa because it would not adequately consume the other 
diet. Treatments were mixed thoroughly into diets be-
fore feeding and included: 1) control (nothing added); 2) 
10 mg limonene/kg diet DM; 3) 20 mg limonene/kg diet 
DM; 4) 40 mg limonene/kg diet DM; 5) 80 mg limonene/
kg diet DM); 6) 12 mg tylosin/kg DM (Tylan 40; Elanco, 
Animal Health, Indianapolis, IN); and 7) 180 mg CRI-
NA-L Ruminants/kg DM (DSM Nutritional Products 
AG; Kaiseraugst, Switzerland). The limonene was pro-
vided as a product containing 20% D-limonene added 
to a carrier (DSM Nutritional Products). The CRINA-L 
was a mixture of essential oil components formulated 
from CRINA Ruminants by increasing D-limonene in 
the product to 11% of the final weight; thus, the CRINA-
L treatment provided 20 mg limonene/kg diet DM.
Heifers were housed in tie-stalls in a controlled 
environment room (22°C) with 16 h of lighting daily. 
Each period lasted 11 d with 10 d of washout between 
periods. One observation for the CRINA-L treatment 
was missed from the final period due to issues not re-
lated to treatment.
Sample Collection and Analysis. On d 0 (prior to 
initiation of treatments) and on d 4, 7, and 10 of each 
period, 100 mL of ruminal fluid was collected before the 
morning feeding. Ruminal fluid pH was measured by pH 
meter (ATI, Orion, Boston, MA), and then samples were 
immediately strained through 4 layers of cheesecloth into 
a 50-mL conical bottom tube and transferred to the lab for 
enumeration of FN. The procedure of Tan et al. (1994b) 
was used for enumeration of FN with minor modifica-
tion to the selective medium; (NH4)2SO4 concentration 
was 0.45 g/L and MgSO4∙7H2O was 0.045 g/L. The most 
probable number (MPN) method was used to determine 
the FN concentrations following growth in selective 
medium and positive identification of indole production 
with Kovac’s reagent (Sigma, St Louis, MO). The MPN 
were conducted in 96-well plates and were calculated 
from 8 rows of serial dilutions for each sample. In the 
first period, we used 0.1 mL of ruminal fluid in the first 
column and conducted 10-fold serial dilutions. In the re-
maining 3 periods, we used 0.2 mL of ruminal fluid in 
the first column and conducted fivefold serial dilutions. 
The change in protocol was made because there were no 
positive wells at higher dilutions in the first period, and 
the lower dilutions allowed for better sensitivity.
On d 10, ruminal fluid samples were collected at 
2, 4, 6, 8, and 10 h after the morning feeding. From 
the fluid collected prior to feeding as well as at all time 
points after feeding, pH was measured and then 1 mL 
of rumen fluid strained through 4 layers of cheesecloth 
was mixed with 0.25 mL of 25% (wt/vol) meta-phos-
phoric acid and stored frozen for later analysis of NH3 
and organic acids. In addition, 10 mL of strained rumen 
fluid was mixed with 0.5 mL of 70% (wt/wt) perchloric 
acid and stored frozen for later peptide analysis.
On d 11, a 1-L solution of Cr-EDTA (2.83 g Cr) 
containing 38.2 g L-lysine-HCl (30 g lysine) was dosed 
through the ruminal cannula just before the morning 
feeding. At 3, 6, 9, and 12 h after dosing, 100 mL of ru-
minal fluid was collected and strained through 4 layers 
of cheesecloth. Strained ruminal fluid was stored fro-
zen for later Cr analysis. In addition, 1 mL of strained 
rumen fluid was mixed with 0.25 mL of 25% (wt/vol) 
meta-phosphoric acid and then stored frozen for NH3 
analysis. A sample of strained ruminal fluid (0.75 mL) 
was mixed with 0.75 mL SERAPREP (Pickering Labo-
ratories, Mountain View, CA) containing 1 mM norleu-
cine, vortexed, and stored frozen for later analysis of 
lysine. Data from d 11 were used to estimate ruminal ly-
sine disappearance rate, liquid dilution rate, and lysine 
degradation rate (Binnerts et al., 1968; Merchen, 1988).
Laboratory Analyses. Thawed ruminal samples were 
prepared for analysis by centrifuging at 17,000 × g for 
15 min at 4°C and collecting the supernatant. Concen-
trations of VFA and lactate were measured using GLC 
with flame-ionization detection (column: 2 m × 2 mm i.d. 
Carbopak B-DA [Supelco, Bellefonte, PA], injection tem-
perature 200°C, detector temperature 200°C, oven tem-
perature 175°C, flow rate: 24 mL/min of N2). The proce-
dure of Broderick and Kang (1980) was used to measure 
NH3 concentrations. Automated trinitrobenzene sulfonic 
acid analysis (Palmer and Peters, 1969) was used to de-
termine concentrations of ruminal α-amino N before and 
after acid hydrolysis; peptide N was calculated as the in-
crease in α-amino N on hydrolysis (Ives et al., 2002). For 
analysis of lysine, samples were thawed and centrifuged 
(13,800 × g; 10 min; 4°C) with the supernatant refrozen. 
Samples were analyzed for lysine using cation exchange 
HPLC with measurement by fluorimetry after postcol-
umn o-phthalaldehyde derivitization (Beckman System 
Gold; Beckman, Palo Alto, CA). Concentrations of Cr 
were measured by atomic absorption spectrophotometry.
Calculations and Statistical Analyses. The MPN 
data were log10 transformed prior to analysis to nor-
malize the data. The ANOVA was conducted using the 
Mixed Procedure of SAS. The model included fixed 
effects of period, treatment, day, and treatment × day. 
The log-transformed MPN from Day 0 was included 
as a covariate. Heifer was included as a random effect. 
Day was considered as a repeated variable within each 
cell, and the covariance structure was compound sym-
metry. The autoregressive and unstructured covariance 
structures were also considered, but compound sym-
metry led to smaller AIC. The denominator degrees of 
freedom were based on the Kenwood-Rogers method. 
Means were separated with contrasts for 1) control 
vs. tylosin, 2) control vs. CRINA-L, and 3) linear, 4) 
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quadratic, and 5) cubic effects of limonene based on 
unequally spaced treatments. Outliers were removed 
when |studentized residuals| > 3. For MPN, there were 
2 outliers (d 7 and 10 for a heifer receiving CRINA-L). 
The pH data collected at the time of sampling for FN 
were analyzed the same as for the MPN data.
Data for ruminal characteristics from d 10 were ana-
lyzed similarly to that for MPN, except time after feed-
ing, rather than day, was the repeated measure. For all 
ruminal characteristics, the covariance structure used was 
compound symmetry, because compound symmetry led 
to lower AIC for more variables than autoregressive and 
the unstructured option did not allow the model to con-
verge for all characteristics. With the exception of molar 
percentage of acetate, no treatment × time interactions 
were observed; for acetate, evaluation of the patterns over 
time suggested that this interaction was trivial. Thus, only 
main effects of treatment are presented. Means were sepa-
rated using the contrasts described above. Concentrations 
of lactate were included in the calculation of total organic 
acids, but statistical analysis was not conducted for lactate 
because 86% of observations were below detection limits, 
only 7% were > 1 mM, and none were > 5 mM.
Lysine degradation on d 11 was calculated and ana-
lyzed as follows. Using the NLIN Procedure of SAS, ru-
minal Cr concentrations for each heifer in each period 
were fit to the model: Cr concentration = Cr concentra-
tion at dosing × e-(kp × t), where kp is the liquid passage 
rate and t = time after dosing. The model-calculated con-
centration at dosing was used to calculate ruminal liquid 
volume as: Cr dose (g)/Cr concentration at dosing. Rumi-
nal lysine concentrations at dosing, which were included 
in the data set for calculating lysine disappearance rates, 
were calculated as: lysine dose/ruminal liquid volume. 
With the NLIN Procedure of SAS, ruminal lysine con-
centrations were fit to the model: Lysine concentration = 
lysine concentration at dosing (model calculated) × e-
(kdis × t), where kdis is the lysine disappearance rate and 
t = time after dosing. Lysine degradation rate was calcu-
lated as lysine disappearance rate minus liquid passage 
rate. Analysis of variance with the Mixed Procedure of 
SAS was then used to analyze the parameter estimates; 
the model included period and treatment as fixed effects, 
and heifer was included as a random effect. Means were 
separated using the contrasts described above.
RESuLTS AND DISCuSSION
Experiment 1: Effects of Limonene  
and Thymol on In Vitro Growth of FN
Figure 1 shows the effects of limonene and thymol 
on FN growth in vitro. Limonene inclusion in the cul-
ture medium led to linear and quadratic decreases in FN 
growth, with the rate of decrease in absorbance at 600 
nm being greater at low concentrations of limonene than 
at high concentrations of limonene. The contrast for sub-
species × quadratic effect of limonene was evident (P = 
0.02) as growth of FNsF was less than that for FNsN at 
70 mg/L limonene, but it was similar between FNsN and 
FNsF when 100 mg/L limonene was provided.
Thymol inclusion in the culture medium led to linear 
(P = 0.002) decreases in FN growth, and the response to 
thymol was similar between FNsN and FNsF (P ≥ 0.13). 
Although thymol did decrease FN growth, limonene was 
more effective than thymol (P < 0.0001; Fig. 1). The de-
creases in FN growth in response to limonene in vitro 
were large enough to suggest that limonene could be an 
effective agent for decreasing ruminal FN concentrations. 
Elwakeel et al. (2013) observed that limonene at 20 or 
100 mg/L strongly reduced 24-h growth of FN, whereas 
20 mg/L of thymol did not reduce growth of FN but 100 
mg/L of thymol did. Thus, there is similarity between the 
studies in that limonene was more effective than thymol in 
reducing FN growth at concentrations of 20 mg/L. How-
ever, in contrast to the results of the present experiment, 
Figure 1. Effect of limonene and thymol on growth (absorbance at 
600 nm) of Fusobacterium necrophorum ssp. necrophorum (X) and F. 
necrophorum ssp. funduliforme (○) in vitro at 24 h (Exp. 1). SEM = 0.14. 
Linear and quadratic effects of limonene (P < 0.001) and linear effects 
of thymol (P < 0.01) were present. Effects of subspecies (P = 0.50) and 
treatment × subspecies (P = 0.51) were not detected.
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Elwakeel et al. (2013) found that 20 mg/L of limonene or 
100 mg/L of thymol led to nearly complete inhibition of 
FN growth, whereas the current study found somewhat 
more modest reductions in FN growth with the same con-
centrations of these essential oil components.
Experiment 2: Interactions between Limonene  
and Thymol on In Vitro Growth of FN
Limonene (P < 0.0001) and thymol (P = 0.03) lin-
early decreased growth of FN in vitro. However, for con-
centrations of limonene and thymol up to 20 mg/L, there 
were no interactions between thymol and limonene (P = 
0.99; Table 2), and the subspecies × limonene × thymol 
interaction was similarly absent (P = 0.99). Elwakeel et 
al. (2013) observed that thymol at 20 mg/L was not ef-
fective in reducing FN growth, so no large response to 
thymol alone was expected. Importantly, the lack of a 
synergistic response between limonene and thymol was 
demonstrated here. Given that thymol was less effective 
than limonene in inhibiting the growth of FN (Exp. 1) 
and demonstrated no synergistic effects with limonene 
(Exp. 2), there appeared to be little benefit to further 
studying the effects of thymol on FN growth.
Experiment 3: Effects of Limonene  
and Tylosin on In Vitro Growth of FN
Both limonene and tylosin were effective in reducing 
growth of FN, but the pattern across the range of con-
centrations as well as over time were different between 
the 2 compounds (Fig. 2). Tylosin demonstrated linear 
and quadratic effects on FN growth (P < 0.0001), with 
the quadratic response occurring because 12 mg/L of 
tylosin led to nearly complete inhibition of FN growth 
such that the greatest concentration of 24 mg/L had little 
opportunity to further decrease it. There were no interac-
tions between tylosin concentration and FN subspecies 
(P ≥ 0.25), suggesting that tylosin was equally effective 
against FNsN and FNsF. The 3-way interactions involv-
ing tylosin, subspecies, and time also lacked significance. 
The ability of 12 and 24 mg/L of tylosin to inhibit FN 
growth by 89% and 96%, respectively, is consistent with 
previous work that showed that tylosin inhibited growth 
of FN with an MIC of 10 to 25 mg/L (Tan et al., 1994a; 
Nagaraja et al., 1999a; Elwakeel et al., 2013), although 
smaller MIC of 0.03 to 2 mg tylosin/L have also been 
demonstrated (Mateos et al., 1997).
The response of FN growth to limonene inclusion in 
the culture medium was much more complex than the 
response to tylosin. The overall response to limonene 
included linear, quadratic, and cubic components (P < 
0.0001), although the shape of the response to limonene 
was dependent on the time at which the growth was 
measured (12 vs. 24 h) and to a lesser extent the sub-
species of FN that was being tested. Treatment × time 
Figure 2. Effect of limonene and tylosin on growth (absorbance at 600 
nm) of Fusobacterium necrophorum ssp. necrophorum (FNsN; □ at 12 h, X at 
24  ) and F. necrophorum ssp. funduliforme (FNsF; ○ at 12 h, ● at 24 h) in vitro 
(Exp. 3). SEM = 0.053. Linear, quadratic, and cubic effects of limonene and 
linear and quadratic effects of tylosin were evident (P < 0.0001). Treatment × 
time effects were also present (P < 0.0001) because the linear and cubic effects 
of limonene differed between 12 and 24 h; limonene concentrations of 6 and 12 
mg/L were more effective in reducing FN growth at 12 h than at 24 h, whereas 
this difference between times was not observed for greater concentrations of 
limonene. Main effect of subspecies was not present (P = 0.55). A treatment 
× subspecies × time effect was present (P < 0.01) because a large difference 
between subspecies was only observed for 6 mg/L limonene at 12 h.
Table 2. Effect of limonene and thymol combinations 
on growth1 of Fusobacterium necrophorum ssp. 
necrophorum and F. necrophorum ssp. funduliforme 
in vitro (Exp. 2)2
Thymol, 
mg/L
Limonene, mg/L  
SEM0 5 10 20
0 0.87 0.81 0.74 0.60 0.12
5 0.88 0.80 0.72 0.59
10 0.84 0.78 0.74 0.57
20 0.84 0.75 0.65 0.52
1Values in table are absorbance at 600 nm in cultures grown for 24 h.
2Linear effect of thymol (P = 0.03). Linear effect of limonene (P < 
0.0001). F-test for thymol × limonene (P = 0.99). F-test for subspecies × 
thymol × limonene (P = 0.99).
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effects were present because the linear and cubic effects 
of limonene differed between 12 and 24 h (P < 0.0001); 
limonene concentrations of 6 and 12 mg/L were more 
effective in reducing FN growth at 12 h than at 24 h, 
whereas this difference between times was not observed 
for greater concentrations of limonene. A treatment × 
subspecies × time effect was present (P < 0.01) because 
a large difference between subspecies was observed for 
6 mg/L limonene at 12 h but not at other concentrations 
or times. In general, the differences between subspe-
cies were not large and the overall pattern of response to 
limonene was similar between FNsN and FNsF.
When 6 or 12 mg/L of limonene was provided, 
growth at 12 h was less than growth at 24 h, suggesting 
that these concentrations of limonene slowed the growth 
of FN, but, at least at the concentration of 6 mg/L, did 
not decrease growth at 24 h. The lowest growth of FN at 
24 h was observed for 24 mg/L of limonene, but surpris-
ingly the growth inhibition of limonene was somewhat 
less when 48 or 96 mg/L of limonene was provided.
At concentrations of 6 mg/L, limonene led to nu-
merically less FN growth at 12 h than did tylosin, al-
though 6 mg/L of limonene was ineffective in decreas-
ing FN growth at 24 h. It is unknown how the slowing 
of FN growth might influence its concentration in the 
rumen, but slower growth would be expected to lower 
concentrations in a system such as the rumen with a 
continuous outflow of digesta.
The results in Exp. 3 showed limonene to be 
more effective in inhibiting growth of FN than was 
observed in Exp. 1, particularly at intermediate con-
centrations of limonene. These observations would 
more closely match the extent of inhibition observed 
by Elwakeel et al. (2013) than the modest reductions 
in Exp. 1. Although there was some suggestion in Exp. 
1 that 100 mg/L of limonene was no more beneficial 
than 70 mg/L, the apparently lower effect of 96 mg/L 
than of 24 mg/L in Exp. 3 is not consistent with Exp. 
1, even if only the 24-h data are evaluated. There is 
no simple explanation for the different pattern of re-
sponse to limonene at 24 h, because the methods were 
essentially similar between Exp. 1 and Exp. 3.
One goal of Exp. 3 was to provide a direct com-
parison of the effects of tylosin and limonene on FN 
growth. Previous research has demonstrated that tylo-
sin is effective in decreasing FN growth, with an MIC 
of 10 to 25 mg/L (Tan et al., 1994a; Nagaraja et al., 
1999a; Elwakeel et al., 2013). In contrast, Exp. 1 sug-
gested that limonene only partly inhibited the growth of 
FN, although nearly complete inhibition of growth was 
observed with 20 mg/L of limonene by Elwakeel et al. 
(2013). Thus, we wanted to compare effects of tylosin 
and limonene at concentrations below the MIC, which 
is important because tylosin is known to reduce liver ab-
scesses in cattle when fed in amounts that would likely 
yield ruminal concentrations less than the MIC. Despite 
this, we are unaware of data demonstrating the effect of 
tylosin on growth of FN when it is present in concentra-
tions less than the MIC. Data from Exp. 3 demonstrated 
that limonene at concentrations achievable with a com-
mercial product could be effective in inhibiting FN to 
extents similar to that achieved with tylosin.
At 12 h, limonene and tylosin (at equal concentra-
tions) had similar abilities to reduce the growth of FN. 
The very low growth of FN in the presence of 12 to 
24 mg/L of tylosin is consistent with previously report-
ed MIC. One interesting, but unexplainable, observa-
tion was that the highest concentrations of limonene (48 
to 96 mg/L) were less effective in inhibiting growth at 
12 h than the intermediate concentrations of limonene 
(12 to 24 mg/L).
At 24 h, when compared at the same concentra-
tions, tylosin was more effective in reducing the 
growth of FN than the limonene. This difference from 
the observations at 12 h might suggest that the FN was 
able to degrade the limonene over time or that the lim-
Table 3. Effect of dietary supplementation with limonene, CRINA-L, or tylosin on ruminal F. necrophorum 
concentrations and pH in heifers before feeding on d 4, 7, and 10 (Exp. 4)
 
 
Item
Treatment  
 
SEM4
 
Contrast1 P-value 
Control
Limonene, mg/kg of diet DM  
CRINA-L2
 
Tylosin310 20 40 80 Lim-L Lim-Q Lim-C CRINA-L Tylosin
n 4 4 4 4 4 3 4
FN5, log MPN 2.65 2.29 2.51 2.15 2.18 2.49 2.90 0.15 0.03 0.22 0.95 0.52 0.19
Ruminal pH 6.43 6.22 6.30 6.28 6.34 6.26 6.56 0.13 0.98 0.36 0.46 0.33 0.37
1Lim-L = Linear effect of limonene. Lim-Q = Quadratic effect of limonene. Lim-C = Cubic effect of limonene. CRINA-L = Control vs. CRINA-L. 
Tylosin = Control vs. Tylosin.
2CRINA-L (DSM Nutritional Products AG; Kaiseraugst, Switzerland) is a blend of essential oil components. CRINA-L contained 11% D-limonene and 
was fed at180 mg/kg diet DM, providing 20 mg limonene/kg diet DM.
3Tylosin at 12 mg/kg diet DM.
4Average of SEM among treatments.
5Ruminal concentration of Fusobacterium necrophorum, log10 of most probably number/mL.
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onene did not maintain its inhibition over the longer 
period of time.
Taken as a whole, data from Exp. 3 suggest that 
limonene might be an effective agent to reduce rumi-
nal concentrations of FN.
Experiment 4: Effect of Limonene, Tylosin, and 
CRINA-L on In Vivo Ruminal Concentrations of 
FN, Fermentation, and Lysine Degradation
There were no significant interactions between 
sampling day and treatment for MPN (P = 0.64; data 
in Table 3). The only significant interaction between 
time and treatment on d 10 (data in Table 4) was molar 
proportion of acetate (P = 0.02).
Effect of Limonene on Ruminal FN. Limonene 
linearly decreased (P = 0.03) ruminal FN concentra-
tions (log10 MPN; Table 3). However, limonene did 
not have an effect on pH at time of sampling for FN 
measurements on d 4, 7, and 10 (Table 3). In our study, 
40 mg/kg of limonene in the diet could be interpreted 
as the best concentration to reduce concentrations of 
FN in vivo. Assuming instantaneous mixing of limo-
nene from the diet with ruminal liquid, no degrada-
tion or ruminal absorption of limonene, and first-order 
passage of limonene from the rumen at a rate equal 
to our observed average liquid passage rate (Table 5), 
the average ruminal concentration of limonene would 
be 6 mg/L for the treatment providing 40 mg/kg of 
limonene.
In the study reported by Elwakeel et al. (2013), 
limonene at concentrations of 20 or 100 mg/L inhibited 
growth of strains of FNsN and FNsF at 24 h and 48 h 
when grown in pure cultures in PRAS-BHI. Similarly, 
Exp. 1, 2, and 3 showed that limonene inhibited growth 
of FNsN and FNsF in PRAS-BHI, with decreases in 
growth with limonene concentrations as low as 6 mg/L. 
In the work of Castillejos et al. (2006), limonene at 50 
and 500 mg/L decreased in vitro NH3 production (6% 
and 15%, respectively), suggesting that limonene has 
a toxic effect on NH3–producing bacteria such as FN.
This is the first in vivo study of limonene effects 
on ruminal FN concentrations, and further research on 
a larger scale will be needed to investigate the effect of 
limonene on FN and subsequently on liver abscesses. 
Although reductions in ruminal FN concentrations 
were observed in response to limonene, the magnitude 
of decrease may not be sufficient to affect prevalence 
of liver abscesses. Moreover, the populations of FN 
adherent to the ruminal wall may be more important in 
affecting liver abscess formation than FN in ruminal 
fluid (Narayanan et al., 1997).
Table 4. Effect of dietary supplementation with limonene, CRINA-L, or tylosin on ruminal pH, NH3, α-amino 
N, peptide N, and organic acids on d 10 in heifers (Exp. 4)1
 
 
Item
Treatment  
 
SEM5
 
Contrast2 P-value 
Control
Limonene, mg/kg of diet DM  
CRINA-L3
 
Tylosin410 20 40 80 Lim-L Lim-Q Lim-C CRINA-L Tylosin
n 4 4 4 4 4 3 4
pH 6.06 6.06 6.34 6.22 6.27 5.88 6.26 0.14 0.21 0.29 0.49 0.27 0.20
mM
NH3 11.6 9.5 8.2 9.2 9.7 7.2 10.5 1.3 0.56 0.13 0.23 0.03 0.49
α-amino N 4.27 3.51 3.40 3.39 3.67 4.69 4.00 0.38 0.54 0.13 0.39 0.48 0.62
Peptide N 6.41 5.45 5.41 5.53 5.87 6.60 6.51 0.49 0.81 0.15 0.29 0.78 0.88
Organic acids 124 114 103 114 111 131 116 13 0.63 0.44 0.34 0.67 0.58
mol/100 mol
Acetate6 54.3 58.8 58.9 57.7 59.1 53.3 59.2 2.0 0.25 0.38 0.14 0.73 0.08
Propionate 25.9 21.6 16.9 20.2 17.7 26.8 16.8 2.5 0.07 0.18 0.10 0.80 0.02
Isobutyrate 1.01 0.98 1.05 0.96 0.97 0.88 0.98 0.057 0.34 0.98 0.47 0.05 0.51
Butyrate 11.6 11.3 14.0 13.0 13.4 13.1 15.1 0.84 0.10 0.19 0.57 0.23  < 0.01
2-methyl butyrate 4.36 4.73 6.51 5.95 6.41 3.54 5.36 0.76 0.07 0.23 0.45 0.48 0.35
3-methyl butyrate 1.07 1.05 1.02 0.98 0.97 0.79 0.96 0.062 0.14 0.43 0.84  ≤ 0.01 0.14
Valerate 1.64 1.37 1.26 1.36 1.19 1.41 1.36 0.13 0.05 0.33 0.12 0.23 0.12
1Values are average concentrations at 0, 2, 4, 6, 8, and 10 h after feeding. Except for acetate, no treatment × hour interactions were observed.
2Lim-L = Linear effect of limonene. Lim-Q = Quadratic effect of limonene. Lim-C = Cubic effect of limonene. CRINA-L = control vs. CRINA-L. 
Tylosin = Control vs. Tylosin.
3CRINA-L (DSM Nutritional Products AG; Kaiseraugst, Switzerland) is a blend of essential oil components. CRINA-L contained 11% D-limonene and 
was fed at180 mg/kg diet DM, providing 20 mg limonene/kg diet DM.
4Tylosin at 12 mg/kg diet DM.
5Average of SEM among treatments.
6Treatment × hour interaction (P = 0.02; data not shown).
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Effect of Limonene on Ruminal Fermentation. 
On d 10, limonene tended to linearly reduce (P ≤ 0.07) 
molar proportions of propionate and valerate, whereas it 
tended to linearly increase (P ≤ 0.10) molar proportions 
of butyrate and 2-methyl butyrate (Table 4). However, 
limonene had no effect on pH (P ≥ 0.21) or concentra-
tions of NH3 (P ≥ 0.13), peptide N (P ≥ 0.15), α-amino 
N (P ≥ 0.13), or total organic acids (P ≥ 0.34). Molar 
proportions of acetate (P ≥ 0.14), isobutyrate (P ≥ 0.34), 
and 3-methyl butyrate (P ≥ 0.14) in ruminal fluid were 
not affected by limonene (Table 4). In general, the shifts 
in fermentation end-products in response to limonene 
supplementation were modest, but likely reflective of 
some shifts in microbial populations.
Effects of Limonene on Ruminal Lysine Degra-
dation. On d 11, limonene did not have any effect on 
NH3 concentrations (P ≥ 0.62), lysine degradation rate 
(P ≥ 0.39), lysine disappearance rate (P ≥ 0.14), liq-
uid passage rate (P ≥ 0.26), or rumen liquid volume 
(P ≥ 0.24; Table 5). F. necrophorum is known to be a 
primary lysine degrading bacteria, which can utilize 
lysine as a sole energy source while producing NH3, 
acetate, and butyrate (Gharbia and Shah, 1989; Rus-
sell, 2006; Nagaraja and Lechtenberg, 2007; Elwakeel 
et al., 2013). In our study, although limonene reduced 
FN concentrations in the rumen, it did not affect lysine 
degradation rate (d 11) or NH3 concentration (d 10 or 
d 11). We hypothesized that by inhibiting growth of 
FN, lysine degradation rate would be reduced, which 
consequently might decrease NH3 production and 
ruminal concentrations; however, this effect was not 
evident. In agreement, Elwakeel et al. (2013) stud-
ied the effect of adding FN to mixed ruminal cultures 
supplemented with lysine, and they found no increase 
in lysine degradation as measured by NH3 production. 
Explanations might include that 1) reductions in FN 
were not large enough to affect lysine degradation, 2) 
FN may not be the primary lysine-degrading bacteria, 
or 3) other lysine-fermenting bacteria may compen-
sate when FN are decreased by limonene.
Effect of Tylosin on Ruminal FN. Tylosin had no 
effect on concentrations of FN (Table 3). Numerous 
studies have demonstrated that tylosin reduces preva-
lence of liver abscesses, increases feed efficiency, and 
increases weight gain (Brown et al., 1975; Potter et al., 
1985; Vogel and Laudert, 1994). The reduction of liver 
abscesses is related to the reduction of FN concentra-
tions in the rumen and liver (Nagaraja et al., 1996), and 
the mode of action of tylosin is to inhibit protein syn-
thesis within bacteria (Tan et al., 1994a). In our study, 
tylosin surprisingly led to numerical increases in FN. 
Furthermore, our results do not match with findings of 
Elwakeel et al. (2013) and of Exp. 3, where tylosin was 
effective in inhibiting growth of both FNsN and FNsF 
in vitro. One explanation for these differences might be 
that FN in our cattle were resistant to tylosin. However, 
this theory would not be supported by Nagaraja et al. 
(1999a), who investigated the susceptibilities of bacte-
rial flora of liver abscesses to tylosin; their results did 
not show any resistance of FN to tylosin.
Effect of Tylosin on Ruminal Fermentation. On 
d 10, tylosin increased the ruminal molar propor-
tions of butyrate (P < 0.01) and tended to increase 
(P = 0.08) acetate proportions. Propionate proportions 
were reduced by tylosin (P = 0.02). Tylosin did not 
affect pH (P = 0.20), or concentrations of NH3 (P = 
0.49), peptide N (P = 0.88), α-amino N (P = 0.62), or 
total organic acids (P = 0.58). Molar proportions of 
Table 5. Effect of dietary supplementation with limonene, CRINA-L, or tylosin on NH3, lysine degradation and 
disappearance rates, liquid passage rate, and rumen liquid volume on d 11 in heifers following ruminal dosing of 
30 g L-lysine (Exp. 4)1
 
 
Item
Treatment  
 
SEM5
 
Contrast2 P-value 
Control
Limonene, mg/kg of diet DM  
CRINA-L3
 
Tylosin410 20 40 80 Lim-L Lim-Q Lim-C CRINA-L Tylosin
n 4 4 4 4 4 3 4
NH3, mM 9.8 9.7 9.7 10.0 9.3 9.3 11.2 1.1 0.62 0.79 0.71 0.63 0.36
Lysine disappearance rate, h−1 0.264 0.266 0.232 0.244 0.218 0.234 0.285 0.023 0.14 0.82 0.68 0.40 0.53
Liquid passage rate, h−1 0.055 0.052 0.045 0.057 0.034 0.038 0.073 0.012 0.26 0.58 0.40 0.35 0.27
Lysine degradation rate, h−1 0.210 0.215 0.187 0.186 0.184 0.195 0.211 0.025 0.39 0.62 0.96 0.70 0.97
Rumen volume, L 23.0 26.4 25.7 23.4 27.0 24.2 20.8 2.8 0.50 0.82 0.24 0.77 0.54
1Samples were collected at 3, 6, 9, and 12 h after dosing.
2Lim-L = Linear effect of limonene. Lim-Q = Quadratic effect of limonene. Lim-C = Cubic effect of limonene. CRINA-L = Control vs. CRINA-L. 
Tylosin = Control vs. Tylosin.
3CRINA-L (DSM Nutritional Products AG; Kaiseraugst, Switzerland) is a blend of essential oil components. CRINA-L contained 11% D-limonene and 
was fed at 180 mg/kg diet DM, providing 20 mg limonene/kg diet DM.
4Tylosin at 12 mg/kg diet DM.
5Average of SEM among treatments.
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isobutyrate (P = 0.51), 2-methyl butyrate (P = 0.35), 
3-methyl butyrate (P = 0.14), and valerate (P = 0.12) 
in ruminal fluid were not affected by tylosin (Table 4). 
Although Nagaraja et al. (1999b) observed that tylosin 
decreased FN in steers fed a concentrate-based diet, 
they observed no effects of tylosin on ruminal fer-
mentation products. However, Nagaraja et al. (1987) 
demonstrated with in vitro ruminal fermentations that 
tylosin reduced lactate production from glucose.
Effect of Tylosin on Ruminal Lysine Degradation. 
On d 11, tylosin did not affect (P ≥ 0.27) NH3 concentra-
tions, lysine degradation rate, lysine disappearance rate, 
liquid passage rate, or rumen liquid volume (Table 5). 
Because tylosin did not reduce FN concentrations, the 
lack of effect on lysine degradation is not surprising.
Effect of CRINA-L on Ruminal FN. Concentra-
tions of FN and ruminal pH at time of sampling were 
not affected by CRINA-L (P = 0.33; Table 3).
Effect of CRINA-L on Ruminal Fermentation. On 
d 10, CRINA-L reduced (P = 0.03) NH3 concentrations 
(Table 5). CRINA-L also decreased both isobutyrate 
(P = 0.05) and 3-methyl butyrate (P < 0.01) proportions 
(Table 5). CRINA-L did not affect pH (P = 0.27) or 
concentrations of peptide N (P = 0.78), α-amino N (P = 
0.48), total organic acids (P = 0.67). Molar proportions 
of acetate (P = 0.73), propionate (P = 0.80), butyrate 
(P = 0.23), 2-methyl butyrate (P = 0.48), and valerate 
(P = 0.23) in the rumen were not affected by CRINA-L.
Effect of CRINA-L on Ruminal Lysine Degrada-
tion. On d 11, CRINA-L had no effect on NH3 concen-
trations (P = 0.63), lysine degradation rate (P = 0.70), 
lysine disappearance rate (P = 0.40), liquid passage rate 
(P = 0.35), or rumen liquid volume (P = 0.77; Table 5).
Essential oil components, especially those with terpe-
noid and phenolic structures, have shown antimicrobial ac-
tivity (Dorman and Deans, 2000). Some essential oil com-
ponents are active against a wide range of bacteria, par-
ticularly Gram-negative bacteria (Calsamiglia et al., 2007). 
Essential oils can inhibit the growth of bacteria by disinte-
grating the cell membrane (Helander et al., 1998; Dorman 
and Deans, 2000). The mode of action of terpenoid com-
pounds has been attributed to the effect of isoprene units 
on cell membranes to inhibit electron and protein transport, 
phosphorylation reactions, and other chemical reactions; 
these effects are related to the lipid characteristics and sol-
ubility of terpenoids in the phospholipid bilayer of the cell 
membrane (Dorman and Deans, 2000).
The mode of action of essential oils with phenolic 
structures, such as thymol and carvacrol, is related to 
reduction of intracellular ATP of Gram-negative bac-
teria, leading to destruction of cell membrane activ-
ity (Helander et al., 1998). Furthermore, essential oils 
can inhibit bacterial growth through inhibition of RNA 
and DNA synthesis (Calsamiglia et al., 2007).
CRINA Ruminants (DSM Nutritional Products, Basel, 
Switzerland) is a commercial blend of essential oils con-
taining thymol, guaiacol, eugenol, vanillin, and limonene. 
CRINA-L is a new product of the same company contain-
ing extra limonene (11%). Meyer et al. (2009) reported that 
CRINA Ruminants tended (P = 0.08) to reduce total liver 
abscesses. McIntosh et al. (2003) studied the effect of CRI-
NA Ruminants product in dairy cattle and suggested that the 
blend of essential oil compounds could decrease NH3 pro-
duction by hyperammonia producing bacteria. Attwood et 
al. (1998) classified FN as a hyperammonia producing bac-
teria, and therefore we hypothesized that CRINA products 
might be able to inhibit growth of FN. However, CRINA 
failed to inhibit FN in vitro, probably because concentra-
tions of limonene in the mixture of essential oil components 
were too low (Elwakeel et al., 2013). Of the 5 essential oil 
components found in CRINA Ruminants, only limonene at 
20 or 100 mg/L and thymol at 100 mg/L were effective in 
inhibiting growth of FN in vitro (Elwakeel et al., 2013).
In our study, CRINA-L provided 20 mg limonene/
kg DM, but responses were different between the CRI-
NA-L and 20 mg/kg limonene treatments; CRINA-L did 
not reduce ruminal prevalence of FN, whereas limonene 
by itself did decrease ruminal FN concentrations. On d 
10, CRINA-L reduced NH3 concentration compared to 
control (P = 0.03), which might be related to inhibition 
of ammonia-producing bacteria. In addition, this mix-
ture of essential oil components reduced isobutyrate and 
3-methyl butyrate concentrations, suggesting decreased 
catabolism of AA within the rumen. Our data suggest 
that these responses to CRINA-L may have been me-
diated by components of the mixture besides limonene 
because similar results were not obtained by limonene 
alone. Similar to limonene alone, CRINA-L did not af-
fect rate of lysine degradation on d 11. Overall, CRINA-
L should be considered as a rumen modifier, but little re-
search has been conducted to study the effect of CRINA 
in feedlot conditions, and no research is available on the 
effects of CRINA-L. Therefore, further research would 
be needed to further clarify effects of this blend on ani-
mal performance or liver abscess incidence.
Conclusions
Our results demonstrate that limonene was effec-
tive in reducing ruminal concentrations of FN in vivo, 
suggesting that it might be effective in reducing liver 
abscesses in feedlot conditions. This research is the 
first in vivo experiment with limonene supplementa-
tion to cattle, and further research will be beneficial 
to determine the effect of limonene on a larger scale.
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